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© Moving magnet-type actuator. 

© In a moving magnet type actuator, a magnet 
moving body (3) including at least two permanent 
magnets (5A.5B) of which same poles are confront- 
ing each other and an intermediate magnetic sub- 
stance (6). The magnet moving body (3) is movably 
arranged inside at least three coils (2A.2B.2C). The 
at least three coils (2A,2B,2C) are connected so that 
current flows in different directions with a zone be- 
tween the permanent magnets as a boundary. 
Whereby thrust and efficiency of the moving magnet 
type actuator is improved. 
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(54) High performance slotless linear motor with supported windings 



(57) A linear motor is described utilizing a flat, iron- 
less, printed circuit type winding where the winding (10) 
can be stamped, etched, or deposited and adhered to a 
rigid substrate. The winding (10) provides coils that are 
relatively movable between straight, parallel rows of sta- 
tionary magnets (12), or between one row of magnets 
and a parallel flux return member, in most applications, 
the preferred structure is a moving winding and station- 
ary permanent magnets. The advantage over the exist- 



ing art is the significantly lower cost to manufacture, the 
almost limitless ability to create complex windings for 
improved performance without complicated tooling or 
winding machines, and higher performance due to a 
smaller air gap. Also, the structure according to the 
invention provides higher winding stiffness, yet lower 
mass. 




FIG. 1 
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Description 

[0001] This invention relates to an improved, high per- 
formance linear electric motor. 

Background of the Invention 

[0002] Linear motors are well known in the art. Many 
constructions and types have been conceived and uti- 
lized in a diverse range of applications requiring linear 
motion. Most constructions are frameless and consist of 
primary and secondary windings. Linear induction 
motors, for example, are commonly used in transporta- 
tion, materia) transport and industrial machinery appli- 
cations. 

[0003] Linear induction motors suffer from several dis- 
advantages which limit their use in high performance 
linear motion applications. The air gap required 
between the primary and the secondary reaction rail is 
very small, typically on the order of .002" to .004" (0.05 
- 0.10 mm). This requires either that the support 
mechanics be of sufficient precision to maintain such 
clearances over the full length of travel, or the air gap be 
increased with the resultant loss of motor performance 
and efficiency. In addition, linear induction motors suffer 
from inherent low efficiency causing heat dissipation 
problems. 

[0004] Much better performance can be achieved in 
linear motors of the type using permanent magnets. For 
example, US-A-4,369,383 discloses a permanent mag- 
net linear motor with a wound iron core. The winding 
can be either stationary or movable. Commutation in 
this design is accomplished through a set of brushes 
which engage a commutator strip on the wound iron 
core. 

[0005] The winding of the linear motor design accord- 
ing to US-A-4,369,383 is located in slots between the 
teeth of an iron core. The permanent magnets in such a 
design have preferred positions of alignment corre- 
sponding to minimum reluctance, otherwise known as 
cogging. In higher performance applications, the cog- 
ging force can create disturbances that affect position 
and/or velocity accuracy. Secondly, the permanent 
magnets exhibit a large attractive force to the wound 
iron core, and therefore the moving portion must be 
strongly supported by the mechanical structure (i.e. 
bearings, etc.) to withstand the attractive force. Finally, 
the wound core has a large mass which often limits the 
available motor acceleration. 

[0006] An improvement on the design of US-A- 
4,369,383 for many applications is disclosed in US-A- 
4,151,447 where an ironless moving coil or primary is 
positioned between two parallel permanent magnet 
tracks or one magnet track and a parallel flux return 
member. Commutation is accomplished electronically, 
without brushes. The moving slider includes conven- 
tional wire-wound coils which can be made with wither 
round or square wire. An advantage of this design is 



that the slider contains no ferromagnetic material and, 
therefore, has no cogging. There is also no magnetic 
attraction between the slider and the permanent magnet 
field. Furthermore, the slider, lacking iron, has a signifi- 
5 cantly lower mass. Such ironless linear motors have sig- 
nificant advantages over iron-core designs in high 
performance applications. 

[0007] However, with such ironless designs the mov- 
ing coil must exist in a relatively large magnetic air gap 

w between the parallel permanent magnet field members. 
This large air gap causes a reduction in performance 
because the air gap flux density is considerably 
reduced. In addition, when the low mass ironless coil is 
the slider, the slider must be fabricated with sufficient 

15 mechanical stiffness to endure the high acceleration 
that the design facilitates. In the past, such rigid struc- 
tures have been relatively expensive to assemble. 

Summary of the Invention 

20 

[0008] The slotless linear motor according to the 
invention comprises a plurality of permanent magnets 
providing alternating magnetic pole faces disposed 
along a linear air gap; a linear winding located in said air 

25 gap and including a plurality of layered flat conductor 
patterns, and insulating layers between adjacent ones 
of said flat conductor patterns; said linear winding and 
said alternating magnetic pole faces being mounted for 
relative linear movement; magnetic material providing a 

30 flux return path for said permanent magnets and across 
said linear air gap; and means for energizing said wind- 
ing according to the position of said winding relative to 
said permanent magnets. 

[0009] The linear motor according to the invention uti- 
35 lizes a flat, ironless, printed circuit type winding where 
the winding can be stamped, or deposited and adhered 
to a rigid substrate. The winding provides coils that are 
relatively movable between straight, parallel rows of sta- 
tionary magnets, or between one row of magnets and a 
40 parallel flux return member. In most applications, the 
preferred structure is a moving winding and stationary 
permanent magnets. The advantage over the existing 
art is the significantly lower cost to manufacture, the 
almost limitless ability to create complex windings for 
45 improved performance without complicated tooling or 
winding machines, and higher performance due to a 
smaller air gap. Also, the structure according to the 
invention provides higher winding stiffness, yet lower 
mass. 

50 

Brief Description of the Drawings 

[0010] The foregoing and other objects of the inven- 
tion are achieved as described in the following detailed 
55 specification which includes the drawings, wherein 

Figure 1 is a perspective view of a linear motor 
according to a preferred embodiment where the 
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armature winding is movable with respect to sta- 
tionary permanent magnets; 
Figures 2A-2D are top, bottom and plan end views 
of the linear motor of Fig. 1 ; 

Figures 3A-3C show an alternate linear motor 5 
structure wherein the permanent magnets are mov- 
ale relative to a stationary armature winding; 
Figures 4A and 4B are side and end views, respec- 
tively, of an alternate structure wherein the arma- 
ture winding is movable relative to a single row of 
stationary magnets; 

Figures 5A-5C illustrate another preferred embodi- 
ment wherein a single row of magnets is movable 
relative to a stationary winding; 
Figures 6A and 6B are side and end views, respec- 
tively, illustrating a moving winding commutated 
using brushes; 

Figures 7A-7C are side, cross-sectional and end 
views, respectively, of a linear, brush-type motor 
according to the invention wherein a single row of 
magnets is movable relative to a stationary arma- 
ture winding; 

Figure 8A illustrates a wave armature winding con- 
figuration; 

Figure 8B illustrates a lap armature winding config- 
uration; and Figure 8C illustrates the relationship of 
the armature winding coil relative to the permanent 
magnets; and 

Figures 9A-9C illustrate another winding with 
straight portions of different lengths. 

Detailed Description 

[001 1 ] A linear motor according to a preferred embod- 
iment of the invention is illustrated in Figs. 1 and 2A-2D. 
The linear motor includes a moving coil (or "slider") 10 
that is a stamped, deposited or etched winding on an 
insulated substrate. The slider 10 is accommodated in 
the air gap 17 (Fig. 2A) between parallel arrays of per- 
manent magnet field members 12. The permanent 
magnets are mounted on back iron members 20 which 
provide a flux return path for the magnets. There is no 
limit to the length of the winding or the length of the per- 
manent magnet field arrays. 

[001 2] Winding 10 is a "printed circuit" type structure 
which can be either a stamped, deposited or etched 
conductor pattern that is interconnected to create a 
complex winding with any desired number of effective 
coils. Winding 10 is mounted in the slider carriage which 
can be moved by sliding along rods 16 which are 
secured to the stationary magnet and back iron struc- 
ture at the ends. 

[0013] As shown in Figs. 2A-2D, the coil conductors 
typically have a rectangular cross section and are 
bonded to a thin, high strength, insulating layer sub- 
strate 26 and preferably by a resin epoxy. The substrate 
can be any electrical insulation material, but typically 
consists of materials such as Fiberglass, Mylar®, Kap- 



ton® or Nomex® insulation. The resulting construction 
is extremely rigid with a high mechanical stiffness in 
both the direction of travel and parallel to the magnetic 
flux path. As such, the winding is self-supporting without 
the need for any further mechanical support. The arma- 
ture can, therefore, be made much thinner than in the 
case of a conventional wire winding. The winding can 
be encapsulated in an epoxy-type or plastic material for 
better thermal properties, but such encapsulation is 
optional and is not needed for mechanical support. 
When the windings are mechanically stamped from a 
copper sheet, the manufacturing cost is very low. The 
stamped pattern is adhesively adhered to the insulating 
substrate, and then the bridging connections between 
conductors on opposite sides of the substrate are made 
by welding. In an alternate construction, the conductor 
patterns may be created by depositing the copper pat- 
tern on a substrate such as a PC board or by etching the* 
pattern into a copper-clad board. The etched or depos- 
ited conductor patterns on opposite sides of the sub- 
strate can be interconnected by through hole plating. 
[001 4] The air gap flux, and therefore the motor force 
constant Kf, are a direct function of the air gap between 
the poles of the facing magnets. A thinner winding struc- 
ture is generally desirable to increase the motor force 
constant and to reduce the slider weight. An increase in 
the motor force constant Kf and the reduced weight of 
the slider enhance performance and increase the possi- 
ble acceleration. 

[0015] The armature winding conductor pattern can 
be a wave winding configuration where a conductor 30 
of a coil 31 spans approximately the distance between 
adjacent pole face centers as shown in Fig. 8A. The 
conductor pattern can also be of a lap conf juration as 
shown in Figs. 8B and 8C. The spatial relationship of the 
armature winding coils to the permanent magnets is 
shown in Fig. 8C. Generally, the coil span is approxi- 
mately equal to the distance between adjacent magnet 
pole centers. However, other arrangements are possible 
to, for example, adjust the shape of the motor back EMF. 
Each coil consists of a pair of conductors located on 
opposite sides of insulating substrate 26. In the case of 
stamped, etched or laser cut conductor patterns in 
which the ends of the conductors extend beyond the 
insulating substrate, the conductor ends can be welded 
to form bridging connections. In the case of deposited or 
etched conductor patterns on a substrate, the connec- 
tions between conductors on opposite sides of the insu- 
lating substrate can be made by through hole plating 
interconnections. 

[0016] By adjusting the conductor pattern in the wave 
or in the lap configuration, the important performance 
characteristics in the motor can be selectively optimized 
as shown in Figs. 9A-9C. Referring to Fig. 9A, which is 
the wave configuration, the ratio of the straight portion of 
the conductor Lm perpendicular to the direction of 
movement to the overall height of the air gap L s can be 
adjusted as desired. Adjusting this ratio affects four key 
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motor parameters, namely the motor back EMF Ke. the 
motor force constant K f , the winding resistance R, and 
the motor force ripple F r . Selected performance charac- 
teristics can be optmized by adjusting the L M to L s ratio. 
One of the advantages of the invention is that this ratio 5 
can be easily adjusted as required. For example, reduc- 
ing the Lm to ratio to 0 (Fig. 9C) creates a helical type 
winding and produces the lowest winding resistance. 
This can be advantageous in designs where it is impor- 
tant to reduce motor Jouie losses. 
[001 7] As another example, the motor force constant 
can be optimized by using a high I_m to L s ratio 
(approaching 1.0, as shown in Fig. 9A) such that the 
conductor straight portion is long and orthogonal to the 
direction of motion. 

[0018] Additionally, adjusting the L M to L s ratio has an 
important effect on the motor back EMF wave shape, 
and thereby, the motor force ripple. For example, when 
the Lm to L s ratio is high (approaching 1.0, as shown in 
Fig. 9A), the motor back EMF wave shape tends to be 
more trapezoidal. This wave shape is also affected by 
the magnet width and the winding pitch. As the to L s 
ratio approaches 0, the back EMF wave shape 
becomes more sinusoidal. Adjusting this back EMF 
wave shape according to the intended drive electronics 
is a significant factor in reducing the motor force ripple. 
The flexibility of the proposed design allows for the prac- 
tical elimination of motor force ripple. 
[001 9] According to the invention, many configura- 
tions are easily achieved without concern for slot 
shapes, winding machines and difficult tooling in order 
to optimize the motor parameters mentioned above. 
Conventional linear motors with wire wound coils must 
rely on expensive tooling and winding machines, or 
complicated retaining slots to achieve such flexibility, if it 
can be achieved at all. The stamped, etched or depos- 
ited winding of the proposed invention can achieve any 
winding configuration without additional tooling, without 
slots, or additional costs. In addition to the linear config- 
uration shown in Figures 9A to 9C, curvilinear configu- 
rations are also practical. 

[0020] Several techniques can be used to provide 
commutation of armature winding 10 in the moving 
slider. A moving cable 18 (Figs. 1 and 2A-2D) on the 
slider 14 can be used to bring power to the armature 
winding coils in the correct sequence. The number of 
coils in the armature winding depends on the applica- 
tion and the amount of force and travel needed. A single 
phase coil is sufficient to create linear movement. How- 
ever, for continuous movement over longer distances 
several coils are preferably connected in a number of 
phases. The phases of the winding are electronically 
commutated. A sensor 19 (Fig. 2B) is typically attached 
to or embedded in the moving armature to sense the 
position of the winding relative to the stationary mag- 
nets. The sensor(s) may be optical, magnetic, capaci- 
tive or inductive. A typical application employs Hall 
effect sensors to sense the magnet location. Another 



possible arrangement is to use the armature-generated 
back EMF to indicate position. Using the correct ratio of 
magnet pitch to coil pitch, the back EMF can be modi- 
fied to the desired wave shape which, in most cases, is 
sinusoidal. Electronic commutation is well known in the 
art and is employed in many rotary and linear motors to 
eliminate the need for mechanical brushes. A transistor 
array (not shown) is built into slider 14 and energizes 
the winding coils in the correct sequence as indicated 
by sensor 19. 

[0021] The slider contains no ferromagnetic material 
and, therefore, has a very low mass. In addition, there is 
no cogging force or preferred position of magnetic ori- 
entation. The absence of ferromagnetic material also 
means that there are no saturation effects to consider in 
the armature. 

[0022] In an alternate construction shown in Figures 
3 A to 3C, the armature 40 remains stationary and the 
magnet assembly 44 is moving. This arrangement may 
be desirable in very short stroke applications because 
of the additional weight of the moving member. With this 
construction, power cable 48 and the feedback cable (if 
any) remain stationary thereby eliminating the need for 
a cable carrier and the flexing that a moving cable must 
endure. 

[0023] A further embodiment is illustrated in Figures 
4A and 4B. The armature winding 50 is secured to a fer- 
romagnetic plate 56 with a thin insulating layer between 
the winding and the plate. Parallel to the winding/plate 
assembly is a single row of permanent magnets 52 
secured to a further ferromagnetic plate 54. The ferro- 
magnetic plate provides a flux return path and reduces 
the total magnetic air gap. In this configuration, two con- 
structions and modes of operation are possible. In the 
first mode, the winding/plate assembly moves and is 
shorter than the row of permanent magnets which is 
stationary (Fig. 4A). The winding/plate assembly has a 
higher mass than in the preferred configuration. Also, 
some magnetic attraction between the slider and the 
stationary permanent magnets results, and the ends of 
the ferromagnetic plate can create some cogging force 
due to "end effects". However, the plate supporting the 
winding serves to reduce the magnetic air gap and 
increases thermal dissipation from the winding. In addi- 
tion, in some applications, this configuration can save 
cost because the second parallel row of stationary mag- 
nets is eliminated. 

[0024] Commutation of the moving winding is accom- 
plished in the same manner as in the preferred configu- 
ration, namely electronically using a position sensor as 
is well known in the art in other types of motors. Alterna- 
tively, the winding/plate assembly could remain station- 
ary and the magnet assembly moving. The advantage 
of this last embodiment is in eliminating moving cables. 
[0025] In the second mode of operation the wind- 
ing/plate assembly is held stationary and is longer than 
the moving magnet assembly, as shown in Figures 5A- 
5C. If the magnet assembly 62 is stationary within the 
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length of the stationary winding/plate assembly, no cog- 
ging force results due to the absense of teeth or 'ends'. 
There is some attraction between the magnets and the 
winding/plate assembly which must be supported by the 
mechanical structure, but it is considerably lower than in 
conventional iron core designs. As in the first mode of 
operation, the ferromagnetic plate 61 on the back of the 
winding increases thermal dissipation from the arma- 
ture and reduces the magnetic air gap. However, the 
stationary plate can be attached to a larger mass (for 
example, the bed of the machine) thereby increasing 
thermal dissipation. The power cable is stationary. The 
mass of the moving magnet assembly can be minimized 
to enhance acceleration. The number of magnets is 
restricted only to the number needed to develop the 
required force and, therefore, is very economical. 
[0026] Commutation can, again, be accomplished 
electronically using the appropriate feedback to indicate 
the position of the moving magnet assembly. If the 
armature is divided, for instance, into two or more 
phases, when each phase is energized, according to 
the position of the moving magnet assembly, the entire 
phase is energized and dissipates heat even though the 
moving magnet assembly is only over part of the phase. 
The remainder of the phase creates heat, but does no 
effective work. For longer travels, therefore, this second 
mode of design becomes less desirable because to 
minimize the number of power transistors in the elec- 
tronics it is common to minimize the number of phases. 
A higher number of phases would reduce the heat dissi- 
pation, but with a higher resultant electronics cost. 
[0027] Another embodiment for linear motors accord- 
ing to the invention is disclosed in Figures 7A-7C. An 
armature winding 50 is attached to a ferromagnetic 
plate 52 and is held stationary. A set of mechanical 
brushes 56 (typically carbon) is placed on a moving 
magnet assembly 58 to commutate the individual coils 
in the winding according to the position of the winding 
relative to the magnets. To avoid the need for a moving 
cable to bring power to the brushes on the moving mag- 
net assembly, a second set of brushes can be used to 
pick up power from a stationary power rail (not shown) 
running parallel to the stationary armature. A stationary 
power cable can then bring power to the power rail. The 
commutating surface for the mechanical brushes is 
directly on an area of the armature winding that has 
been polished for smooth commutation. No separate 
commutator strip is required. 

[0028] Although mechanical commutation is a disad- 
vantage, the design in Figs. 7A-7C has several advan- 
tages. The number of magnets is minimized to only 
those needed to generate the necessary force. Since 
magnet cost is a major component in the cost of linear 
motors, this is a large advantage. Second, the station- 
ary armature winding has the benefit of good heat trans- 
fer through stationary flux plate 54. Third, the power 
cables are stationary. Fourth, the motor is self commu- 
tating simplifying electronics and eliminating the need 



for commutating feedback. Fifth, although the ferromag- 
netic plate provides the benefit of improved thermal dis- 
sipation and a reduced magnetic air gap, there is no 
cogging because there are no end pieces and no teeth. 
5 Sixth, the armature inductance is very low, which 
reduces arcing, the main contributor to wear in mechan- 
ical commutation. 

[0029] The configuration in Figs. 7A-7C can also be 
reversed such that the armature winding moves and the 
w magnet assembly is stationary, as shown in Figures 6A 
and 6B. 

[0030] The permanent magnets used in the embodi- 
ments of the invention can be of many types including 
rare earth, ferrite and alnico. Alnico is possible only in 

15 constructions where the magnetic circuit is completely 
closed at all times such as where the armature moves 
between two parallel magnet plates. The preferred per- 
manent magnets are neodymium-iron-boron alloys. The 
permanent magnet assemblies can easily be replaced 

20 by a wound field if desirable. The permanent magnet 
assemblies can be enhanced by arranging magnetic 
pole pieces on the faces of magnets to shape or focus 
the flux. Also, the magnets can be embedded in ferro- 
magnetic material to achieve further flux density 

25 enhancement. It should be noted that the absence of 
ferromagnetic pole teeth on the armature assembly in 
any of the disclosed configurations facilitates such 
enhancements without concern for the iron saturation 
that nor mally occurs in conventional designs. 

30 [0031 ] The present invention thus makes it possible to 
achieve a linear motor, very flexible in its applications, 
built in many possible configurations, with many advan- 
tages including improved performance, lower mass for 
higher acceleration and lower manufacturing cost. Many 

35 further variations are possible without departing from 
the scope of the invention which is defined in the 
appended claims. 

Claims 

40 

1 . A slotless linear motor comprising 

a plurality of permanent magnets (12) providing 
alternating magnetic pole faces disposed along 

45 a linear air gap (17); 

a linear winding (10) located in said air gap (1 7) 
and including a plurality of layered flat conduc- 
tor patterns and insulating layers (26) between 
adjacent ones of said flat conductor patterns; 

so said linear winding (10) and said alternating 

magnetic pole faces (1 2) being mounted for rel- 
ative linear movement; 

magnetic material providing a flux return path 
for said permanent magnets (12) and across 
55 said linear air gap (17); and 

means for energizing said winding (10) accord- 
ing to the position of said winding relative to 
said permanent magnets. 
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2. The slotless linear motor of claim 1 characterized in 
that said permanent magnets (12) are stationary 
and said linear winding (10) is movable relative to 
said permanent magnets. 

3. The slotless linear motor of claim 1 characterized in 
that said permanent magnets (12) are movable and 
said linear winding (10) is stationary. 

4. A slotless linear motor comprising 

a plurality of stationary permanent magnets 
providing alternating magnetic pole faces dis- 
posed along a linear air gap; 
a linear winding located in said air gap movable 
relative to said stationary permanent magnets 
and including a plurality of layered flat conduc- 
tor patterns and insulating layers between 
adjacent ones of said flat conductor patterns; 
said linear winding being movable relative to 
said stationary permanent magnets; 
magnetic material providing a flux return path 
for said permanent magnets and across said 
linear air gap; and 

means for energizing said winding according to 
the position of said winding relative to said sta- 
tionary permanent magnets. 

5. A slotless linear motor comprising 

a plurality of stationary permanent magnets 
providing alternating magnetic pole faces dis- 
posed along a linear air gap; 
a linear winding located in said air gap and 
including a plurality of layered flat conductor 
patterns and insulating layers between adja- 
cent ones of said flat conductor patterns; 
said linear winding being stationary and said 
alternating magnetic pole faces being mounted 
for linear movement relative to said winding; 
magnetic material providing a flux return path 
for said permanent magnets and across said 
linear air gap; and 

means for energizing said winding according to 
the position of said winding relative to said sta- 
tionary permanent magnets. 

6. The slotless linear motor of claims 1 , 4 or 5 charac- 
terized in that said linear winding is a printed circuit 
or a stamped conductor pattern. 

7. The slotless linear motor of claims 1 , 4 or 5 charac- 
terized in that said means for energizing said wind- 
ing includes brushes (56) bearing upon said 
layered conductor pattern. 

8. The slotless linear motor of claims 1 , 4 or 5 charac- 
terized in that said means for energizing said wind- 



ing is brushless. 

9. The slotless linear motor of claims 1 , 4 or 5 charac- 
terized in that said means for energizing said wind- 

5 ing includes Hall effect position detectors. 

10. The slotless linear motor of claims 1 or 4 character- 
ized in that said permanent magnets (12) are 
located on both sides of said linear air gap. 

w 

1 1 . The slotless linear motor of claims 1 , 4 or 5 charac- 
terized in that said permanent magnets (12) are 
located only on one side of said linear air gap. 

75 1 2. The slotless linear motor of claim 5 characterized in 
that said stationary winding (10) is distributed along 
both sides of said linear air gap 

13. A slotless linear motor comprising 

20 

a plurality of stationary permanent magnets 
providing alternating magnetic pole faces dis- 
posed along a linear air gap; 
a linear winding located in said air gap and 

25 including a plurality of layered flat conductor 

patterns and insulating layers between adja- 
cent ones of said flat conductor patterns; 
said linear winding and said alternating mag- 
netic pole faces being mounted for relative lin- 

30 ear movement; 

said layered flat conductor patterns including a 
conductor portion perpendicular to the direc- 
tion of said linear movement; 
the ratio of said perpendicular conductor por- 

35 tion to the height of said linear air gap being 

selected according to desired performance 
characterictics; 

magnetic material providing a flux return path 
for said permanent magnets and across said 
40 linear air gap; and 

means for energizing said winding according to 
the position of said winding relative to said sta- 
tionary permanent magnets. 

45 14. A method of design for a slotless linear motor 
including 

a permanent magnet providing pole faces dis- 
posed along a linear air gap; and 
so a plurality of conductors secured to an insulat- 

ing layer and movable relative to said pole 
faces; 

said method including the steps of 

55 (1) configuring said conductors so that at 

least a part of such conductor is gener- 
ally perpendicular to the direction of move- 
ment; and 
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(2) selecting the ratio of the length of said 
generally perpendicular portion to the 
height L s of said linear air gap according to 
desired performance characteristics. 

5 

15. The method of claim 15 wherein the ratio to L s 
is small, close to zero, to obtain low resistance and 
a generally sinusoidal wave shape. 

16. The method of claim 15 wherein the ratio Lm to L s io 
is large, approaching one, to obtain a relatively high 
force constant. 

17. A method for making a slotless linear motor com- 
prising the steps of is 

creating a linear winding including layered con- 
ductor patterns secured to the surfaces of an 
insulating layer; 

creating a linear air gap by locating a plurality 20 
of permanent magnets with pole faces dis- 
posed along said linear air gap; 
mounting said linar winding in said air gap for 
linear movement relative to said permanent 
magnets; and 25 
locating magnetic material to provide a flux 
return path for said permanent magnets across 
said linear air gap. 

18. The method of claim 17 characterized in that said 30 
linear winding conductor patterns are formed as 
printed circuits, as stamped conductor patterns, or 

by etching. 
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